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ABSTRACT
The sorption isotherms of mature sapwood and heartwood from two softwood species were obtained
experimentally. The data were used for the determination of how their fractal values change with an
increase in moisture content using the Hao-Avramidis model developed in the past, and for the sub-
stantiation of a new fractal polynomial sorption equation based mainly on the fractal parameter D,
assuming D being the dominant control parameter of sorption at higher sorption regions. The new
sorption theory considered both the molecular layering stage at low humidities and the non-layering
or fractal sorption stages at high humidities. Its good curve-fitting behavior justified the assumption
that the state dynamics of the sorbed water were stepwise or locative instead of smooth, and three or
four steps were identified.
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INTRODUCTION
In a recent paper by Hao and Avramidis
(2001), the modified classic BET sorption
equation (referred to as the HA model) was
developed based on the principles of a non-
homogeneous sorption surface and the fractal
analysis approach, and thereafter, was validat-
ed with sorption data from Kelsey (1957). A
new sorption parameter—fractal dimension,
D—was introduced for describing the quanti-
tative changes in spatial organization of the
sorbed water molecules within the cell walls
with increasing moisture content, M. The D-
M plots were used for providing more mean-
ingful sorption information in relation to water
molecular distribution within cell walls than
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the to date commonly used sorption isotherms
(M-h plot, h referred to as relative vapor pres-
sure).
In this paper, four wood types from two
softwood species were used for the determi-
nation of how their D values change with an
increase in M using the HA model, and for the
validation of a newly derived sorption equa-
tion that is based mainly on the fractal value
D, by assuming that D is the dominant control
parameter of water sorption by wood at high
moisture contents.
MATERIALS AND METHODS
Green samples of Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco) and western red ce-
dar (Thuja plicata Donn) were cut from fresh-
ly harvested logs. Each group was further sep-
arated into two types of wood, namely, Doug-
las-fir sapwood (DFS), Douglas-fir heartwood
(DFH), western red cedar heartwood (RCH),
602 WOOD AND FIBER SCIENCE, OCTOBER 2003, V. 35(4)
and extracted western red cedar heartwood (E-
RCH). Ten specimens (wafers of 30-mm 3
20-mm 3 2-mm thickness) from each wood
type were cut with a micro-saw, so that their
thickness direction was aligned with the tree’s
tangential direction. Each specimen contained
7;10 annual rings that were parallel to each
other and parallel to the side edges. The spec-
imens were free of visual defects and had
smooth surfaces. Small thickness was used to
facilitate the rapid establishment of equilibri-
um. In addition, the utilization of such thin
specimens made the rapid removal of extrac-
tives possible without adversely affecting the
wood substance.
Methanol was used to remove volatile and
nonvolatile extractives in E-RCH specimens.
Twenty RCH wafers were extracted in a soxhl-
et apparatus for about 12 h. The extraction
continued until the solution surrounding the
samples in the apparatus was visibly free of
color from dissolved extractives. This was fol-
lowed by distilled water extraction for 4 h.
The extracted samples were then washed sev-
eral times with hot distilled water. After these
three steps, the initial extractives content of
the wafers was measured to be 9.5%. The ex-
tractive-free specimens were wrapped in wet
cloth to limit drying before the sorption study.
The sorption tests were carried out in two
conditioning chambers (Parameter Generation
& Control models 4-PC and 9-SS). Each
chamber created a stable climate with an ac-
curacy of 61% in relative humidity and 618C
in air temperature. The calculation of the rel-
ative vapor pressure (h) was based on direct
dry-bulb and wet-bulb readings from RTDs
placed in the chamber. Each specimen was
placed in a weighing bottle. The procedure of
sorption measurement followed a stepwise
mode at three temperature levels, namely, 30,
40, and 508C. For each temperature, the mea-
surement was started with desorption (green
specimens) where h ranged throughout this
study from about 0.96 to 0.06. The lowest h
value of 0.06 was created by a LiCl saturated
solution. The specimens were placed above
the solution in a desiccator, which in turn was
placed in the conditioning chamber for tem-
perature control. A magnetic stirrer was used
for elimination of the formation of a water
film on the surface of the solution.
After completion of the desorption se-
quence, the specimens were transferred to a
vacuum oven at 708C until oven-dry weight
was reached. Since the RCH specimens were
not extracted, they were vacuum dried at about
458C in order to minimize removal of volatile
extractives. The specimens remained in the
oven for one week, and they were then moved
into the conditioning chamber for the adsorp-
tion sequence. The weight of the bottle and
specimen was measured by using a digital bal-
ance with a precision of 0.0001 g.
The experimental sorption isotherms were
used to compute the D values for these four
types of wood using the HA model (Hao and
Avramidis 2001) shown as,
n nmax
n D22 22DM c h n mO Om 1 2n51 m51
M 5 (1)nmax
n D221 1 c (h n )O
n51
where D 5 fractal dimension; M 5 equilibri-
um moisture content, %; Mm 5 monolayer
sorption capacity, %; c 5 a constant related to
the heat of sorption; n 5 number of water mol-
ecule layers; nmax 5 maximum possible num-
ber of layers of the sorbed water molecules in
wood; and h 5 relative vapor pressure.
The calculated D values were found to ex-
hibit a stepwise arrangement throughout the
sorption isotherm. The following grouping
guidelines were used for the grouping of the
D values based on fractal properties,
D # 1.9 (between a line and a surface)
1.9 , D # 2.2 (about a planar surface)
2.2 , D # 2.3 (formation of a rough surface
begins)
2.3 , D # 2.5 (rougher surface)
D . 2.5 (towards a spatial filling)
The calculated D values from Eq. (1) for
each sorption isotherm could be positioned
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FIG. 1. Experimentally obtained sorption isotherms for
Douglas-fir heartwood.
into three or four of the above groups, thus
indicating a multi-fractal condition within the
cell walls with respect to the sorbed water
molecules. In terms of fractal property, a frac-
tal object can essentially be represented by a
single D value and the multi-fractal term could
be simply quantified as the summation of in-
dividual fractal terms,
Mfractal 5 DiSk hi (2)
where Mfractal is the moisture content (%) for
the fractal part; Di is one of the multi-fractal
dimension values; and ki is the corresponding
constant to Di. In this study, the Di value was
obtained from the average of all D values in
each located group, and the lower point of
each region, h, is defined as a critical point
(hc).
The D value could not be calculated from
the HA model when h is below 0.4, approxi-
mately. It is speculated that this is probably
because of the fact that at such low relative
humidities, the wood internal surfaces may not
have yet formed a ‘‘fractal surface’’; instead,
they are just comprised of the discrete sorption
sites. The description of these sites by a fractal
concept is either impossible or quite difficult.
The classic BET model (Brunaner et al.
1938) predicts quite well wood sorption data
below h 5 0.5; thus it has been used exten-
sively to estimate its two useful parameter val-
ues, namely, Mm and c, and to estimate the
potential sorption area (Stamm 1964)
M chmM 5 k (3)non-fractal 1 1 ch
Combining Eqs. (2) and (3), a new model,
called the fractal polynomial (FP), can be ob-
tained
M chm DiM 5 k 1 k h (4)O i1 1 ch
The FP model is similar to the polynomial
sorption equation (7.80) in Siau (1995) in a
fifth degree polynomial format and is claimed
to provide, statistically, the best curve-fitness
to sorption data. The FP model here used a
noninteger power law, namely, fractal dimen-
sion, with an insightful physical meaning.
RESULTS AND DISCUSSION
Figure 1 shows the sorption isotherm for
DFH specimens. Only the plots of DFH will
be included in this paper due to space limita-
tions; however, interested readers can find all
pertinent plots for this study in Hao (2002). It
can be seen that they exhibit the typical sig-
moid curves (Type II) for wood, where the
value of M decreases with an increase in tem-
perature at the same relative humidity, and
hysteresis is pronounced at each temperature
level. This trend was apparent in all four types
of specimens. There was no obvious differ-
ence between DFH and DFS regarding the M
value at a corresponding h; however, a differ-
ence existed between RCH and E-RCH of
about 3% of M at the high sorption regions.
The derivative plots (dM/dh) shown in Fig.
2 for DFH, were obtained for experimental
points from the second lowest to the second
highest of each of 24 sorption isotherms. The
derivative for each calculated point was ob-
tained by (moisture contentits immediate upper point
2 moisture contentits immediate lower point)/
(hits immediate upper point 2 hits immediate lower point). The de-
gree of inflection for a sorption curve can be
revealed by a plot of dM/dh vs. h. In physical
terms, it defines the rate of increase in M per
unit increase in h. Through the higher sorption
region, the moisture content increases, steadi-
ly, with an increase of h.
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FIG. 2. The value of dM/dh for Douglas-fir heartwood.
FIG. 3. The calculated adsorption isotherms (a) and
their residue patterns (b) for Douglas-fir heartwood at
508C.
It is well known that the classic BET equa-
tion with a finite number of layers of the
sorbed water molecules cannot fit sorption
data well mainly at a higher sorption region
(h . 0.5) with few exceptions depending on
the shape of the isotherm curves (Simpson
1973; Hartley 1994; Hao 1997). This trend
was also clear in this study. For DFH at 508C
adsorption, the calculated plots of M vs. h
from the classic BET were drawn with the HA
and FP together in Fig. 3a. The respective re-
gression residue patterns for each plot of M
vs. h are shown in Fig. 3b. All other plots from
the DFS, RCH, and E-RCH specimens and all
temperature/sorption directions are not includ-
ed here due to space limitations, however, they
all show the same trends.
The residue pattern is a powerful tool along
with the coefficient of determination (R2) that
indicates if a proposed equation fits the data
well. If appropriate, the residue points should
be uniformly, closely, and symmetrically dis-
tributed along the dependent variable-axis
which in this study, is h-axis. The narrower
the scattering band, the better the regression.
The R2 is a quantitative index that indicates if
regression is appropriate, where the higher the
value of R2, the better the fit is. In the case of
the calculated sorption isotherms, such an in-
dication of R2 was somehow misleading be-
cause the correlation coefficient between M
and h was as high as 0.94. Although the BET
model failed to fit the sorption data at the high
sorption region in most cases in this study, it
still produced significantly high R2 values of
0.961 as shown in Table 1. Such high R2 val-
ues are apt to give an incorrect conclusion on
suitability of the tested equation. The failure
of the BET model at high humidity sorption
regions was similar in all types of wood used
in this study. From this research, it can be not-
ed that if the sorption isotherm curve was
more inflectional (curvature) at the high sorp-
tion region, BET could not fit the sorption data
(Fig. 3a)—it could fit otherwise. The reason
for this is that its underlying assumption of
being a flat sorption surface and the layering
organization of the sorbed water may have de-
viated more from reality at these cases, thus
resulting in a worse fit.
By assuming a non-flat surface within in-
ternal cell walls that results either from its or-
igin or most probably caused by sorbed water
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TABLE 1. Parameter n estimation from the classic BET. (30d 5 desorption @ 308C; 30a 5 adsorption @ 308C).





















































































molecules organized in some structure, the
BET model was modified from the flat surface
basis to the fractal surface one. The ensuing
HA model was fitted to the sorption data, and
the results are listed in Table 2 for all 24 test
cases and drawn in Fig. 3a, with a thick solid
line for DFH only. The residue pattern of each
regression was coupled for each case.
It is apparent that HA fitted the sorption data
better than BET did for each of 24 cases in
this study. The largest MSE (mean square of
error) value from the classic BET was 1.433,
while it was 0.4277 from the HA. The MSE
value was from 1 to 16 times less than that
from the classic BET, depending on the inflec-
tion or the dM/dh rate of the sorption isotherm
curve at the high sorption region. The greater
the inflection, the better the improvement. The
MSE is preferable to R2 to facilitate compari-
son because R2 values were so significantly
high that the differences between the classic
BET and HA models were not distinctive and
an erroneous conclusion may thus be reached.
The HA can fit the data well at both low and
high humidities. The significantly improved
degree of fit can be seen from the residue pat-
tern at the high sorption region. The residue
points came closer to the h-axis than those
from the classic BET at high h levels for each
of the 24 cases. The distribution of the residue
points was more closely uniform and sym-
metrical to the h-axis. This suggests that the
proposed equation is appropriate from the sta-
tistical point of view.
It should be noted here that the values in
Table 2 were obtained by repeatedly fitting Eq.
(1) to the different sorption regions from h of
zero up to different h values. The above com-
parison is made from just the first line of each
case. The results for all other lines were ob-
tained based on the assumption that each h
would produce a corresponding D value.
Equation (1) was repeatedly fitted to the sorp-
tion data set with one fewer data points at a
time until the results did not make sense or no
longer related to the parameter D. All calcu-
lated D values and their corresponding h val-
ues are listed in Table 2. It can be seen that
the D values became larger with an increase
in h, and the value of n increased with an in-
crease in h as well. The increase of D values
with h was non-linear and in stepwise manner.
The derivation of the FP model, Eq. (4),
was based on the assumption that the geome-
try of the internal cell-wall surfaces changed
with h in a stepwise manner. The D values in
Table 2 were averaged within one group in
terms of the grouping guidelines. By using a
linear regression technique, Eq. (4) was fitted
to all experimental sorption isotherms in this
study. The fitted results are listed in Table 3
for all twenty-four cases, and the derived sorp-
tion isotherm with the other two for DFH is
presented in Fig. 3a and the residue pattern
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TABLE 2. The D values at the different sorption points from Eq. (1).
RCH
n MSE h D
E-RCH
n MSE h D
DFS
n MSE h D
DFH












































































































































































































































































































































































































































































































































































































Note: 30d and 30a same as in Table 1.
plotted in Fig. 3b. In most cases, the residue
points for the twenty-four cases were more
uniformly, symmetrically, and closely scat-
tered around h-axis. It indicates that the FP
model fitted the sorption data much better than
the BET model. The MSE values from the FP
model were mostly smaller than the ones from
the HA one. The worst one was the classic
BET equation due to its aforementioned prob-
lems at high relative vapor pressures.
The good fitness of the FP model strongly
supported the assumption of the stepwise man-
ner of the state of the sorbed water molecules.
In Table 3, three steps were mainly identified
607Hao & Avramidis—FRACTAL CHARACTERIZATION OF WOOD SORPTION: II























































































































































































































































































Note: 30d and 30a same as in Table 1.
for the determination of a better sorption iso-
therm. This implied that at least three fractal
values were needed to characterize the sorp-
tion property. These three sorption stages can
be seen in Fig. 2, where dM/dh plots can
roughly be separated into three regions from
low to high humidity levels. Traditionally,
these three regions are considered to coincide
with chemical sorption, molecular re-organi-
zation, and physico-sorption according to Har-
tley et al. (1992) and Hartley and Avramidis
(1993). These ranges are considered in the
classic BET theory to be the area of monolay-
er formation, a transition of the monolayer to
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multilayer, and the multilayer area, respective-
ly. In terms of the D values at different stages,
the spatial distribution of the sorbed water
molecules may have changed from something
between a line and a plane, and transition near
to a plane, and then toward a spatial distri-
bution (far from a plane with a limit of 2.7 of
D). The corresponding moisture content rang-
es for these groups were about 5–9%, 10–
15%, and 16–20% or above.
Fundamentally, the HA and FP models are
physically similar from a fractal point of view,
even though they have totally different for-
mats. The HA quantifies the geometry of the
internal surfaces of the cell walls, which are
considered to be shaped by the geometry of
the sorbed water molecules. If the former is
considered to be the same as the latter, both
equations can be considered to quantify the
geometry of the same complex object from
different angles, namely, either from the net-
work of the sorbed water molecules or from
the internal surfaces of the cell walls.
CONCLUSIONS
In the light of this investigation, the follow-
ing conclusions can be drawn:
1) Failure of the classic BET theory to predict
the vapor sorption levels in wood at the
high sorption regions (h . 0.5) can be at-
tributed to the existence of a geometrically
rough substrate surface with a D value
from about 2.3 to 2.6. The geometry with
D values of this range is far from being
described as a flat surface (D 5 2).
2) A new sorption theory with its equation
was developed and evaluated. It considered
both the molecular layering stage at low
humidity and the non-layering or fractal
sorption stages at high humidity. Its good
curve-fitness justified the assumption that
the state dynamics of the sorbed water
were stepwise or locative instead of con-
tinuously smooth and 3 or 4 steps were
identified.
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